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SUMMARY
Cassava is an important staple crop in sub-Saharan Africa, due to its high productivity even on nutrient poor
soils. The metabolic characteristics underlying this high productivity are poorly understood including the
mode of photosynthesis, reasons for the high rate of photosynthesis, the extent of source/sink limitation,
the impact of environment, and the extent of variation between cultivars. Six commercial African cassava
cultivars were grown in a greenhouse in Erlangen, Germany, and in the field in Ibadan, Nigeria. Source
leaves, sink leaves, stems and storage roots were harvested during storage root bulking and analyzed for
sugars, organic acids, amino acids, phosphorylated intermediates, minerals, starch, protein, activities of
enzymes in central metabolism and yield traits. High ratios of RuBisCO:phosphoenolpyruvate carboxylase
activity support a C3 mode of photosynthesis. The high rate of photosynthesis is likely to be attributed to
high activities of enzymes in the Calvin–Benson cycle and pathways for sucrose and starch synthesis. Nevertheless, source limitation is indicated because root yield traits correlated with metabolic traits in leaves
rather than in the stem or storage roots. This situation was especially so in greenhouse-grown plants,
where irradiance will have been low. In the field, plants produced more storage roots. This was associated
with higher AGPase activity and lower sucrose in the roots, indicating that feedforward loops enhanced sink
capacity in the high light and low nitrogen environment in the field. Overall, these results indicated that carbon assimilation rate, the K battery, root starch synthesis, trehalose, and chlorogenic acid accumulation are
potential target traits for genetic improvement.
Keywords: cassava, root yield, source/sink limitation, photosynthesis, carbon fixation, enzyme activity,
nitrogen metabolism, starch synthesis, K battery, chlorogenic acid.

INTRODUCTION
Cassava (Manihot esculenta Crantz) is a perennial woody
shrub of the Euphorbiaceae family and a staple food for
over a billion people in Africa, Latin America and Asia
(Chetty et al., 2013; De Souza et al., 2017). In Africa, cassava is the second most important calorific source with its
tuberous roots often providing over a quarter of the daily
1202

calorie consumption (De Souza et al., 2017), and even
more for the rural poor (http://www.fao.org/publi
cations/sofa/2016/en/). In many countries of sub-Saharan
Africa cassava leaves also provide an important source of
protein, vitamins, and micronutrients for humans and livestock (Lukuyu et al., 2014; Latif and Muller, 2015).
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Worldwide cassava harvest expanded by 60% between
2000 and 2013 due to increased average yields per hectare
(Howeler et al., 2013). The latest FAO statistics revealed
that cassava has overtaken soybean and potato in terms of
calorific yield (http://www.fao.org/publications/sofa/2016/
en/).
Despite extensive research on disease susceptibility and
post-harvest deterioration, relatively little information is
currently known about metabolism and source–sink interactions in this important crop. Indeed fundamental questions such as the mode of photosynthesis, how sucrose is
unloaded in storage tubers and how the use of nutrients in
growth is balanced with the requirement for anti-pathogenic cyanoglucosides while growing on impoverished
soils remain unanswered or, for the first question, were
only recently answered (Arrivault et al., 2019). Earlier publications varyingly claimed that cassava is either a C3 (Calatayud et al., 2002), a C4 or a C3–C4 intermediate plant (Cock
et al., 1987; El-Sharkawy and Cock, 1987), with the latter
claims seemingly largely made due to the high levels of
foliar malate and elevated activities of the C4 enzyme phosphoenolpyruvate (PEP) carboxylase (El-Sharkawy, 2004).
However, cassava does not display Kranz anatomy (ElSharkawy, 2004) and archaeological isotope dating on conserved stomach contents gives consistent ages for cassava
to those for plants that have been well established to
employ the C3 mode of photosynthesis. To directly address
this question, 13CO2 feeding experiments were performed
on cassava and the metabolic fate of the 13C followed by
mass spectrometry and shown to be very similar to the C3
plant Arabidopsis (Szecowka et al., 2013) and different to
the C4 plant maize (Arrivault et al., 2017).
Crop yield can be limited by the ability to carry out photosynthesis and incorporate carbon dioxide into carbohydrates and other metabolites, or by the ability to utilize
these resources for growth of storage organs. These are
often termed ‘source’ and ‘sink’ limitation, respectively.
The contribution of source and sink limitation to yield has
been mainly researched in temperate crops. There is considerable evidence that source and sink can co-limit yield
to a varying extent, and that their contribution varies with
developmental stage and environmental conditions,
including the availability of light, water, and nutrients
(Sonnewald and Fernie, 2018), as well as the plant architecture including the leaf area ratio (White et al., 2016). In cassava, our poor current understanding of basic fundamental
aspects of metabolism and development makes it difficult
to assess the extent to which yield is source and sink limited. It is also possible that the impact of developmental
stage and environment may be more complex than in temperate crops. For example, under conditions of extreme
drought cassava shed their leaves and later, when water
becomes available again, remobilize reserves from the
storage roots to make new leaves (El-Sharkawy, 2004).

Cassava is known to be reasonably productive even on
unfertilized poor soils (El-Sharkawy, 2012). This renders
cassava a suitable staple crop for resource-limited smallholders to cultivate for successive seasons on low fertility
soil. Productivity on low nitrogen soil is partly attributed to
high photosynthetic nitrogen-use efficiency (El-Sharkawy
and De Tafur, 2010). A positive correlation is observed
between photosynthetic nitrogen-use efficiency and root
yield in different cassava genotypes (El-Sharkawy and De
Tafur, 2010). However, the metabolic characteristics that
enable cassava to grow under such conditions remain
unclear. Also, although cassava is tolerant to low fertility
soil, fertilization significantly improves root yield (Fermont
et al., 2009) indicating that nitrogen availability can be a
limiting factor for cassava root production. Indeed, cassava
can consume a vast amount of soil N with some
180 kg N ha-1 being required to produce 30 t ha 1 tuberous roots (Byju and Anand, 2009). High nitrogen fertilization is unaffordable to many small-holders and therefore is
rarely applied in African fields. This may be a major reason
for the low per hectare yields in sub-Saharan Africa, compared with the high yields in South Asia where cassava is
fertilized (http://www.fao.org/3/I9004EN/i9004en.pdf). Conversely, over-fertilization causes phenological changes that
enhance shoot growth at the cost of root production (Pellet
and El-Sharkawy, 1993). A better understanding of nitrogen
metabolism in cassava is crucial to enhance root production, irrespective of whether this is done by improving
agronomical practice, cultivar selection, or breeding.
Cassava is characterized by a high content of cyanogenic
glucosides. Linamarin is the major cyanogenic glucoside in
cassava, with significant amounts accumulating in all
organs including leaves, stems, and roots (Picmanova et al.,
2015). Cyanogenic glucosides are considered to function in
herbivore deterrence, as these compounds release highly
toxic cyanide when they are mixed with b-glucosidases at
the event of herbivore attack (Gleadow and Moller, 2014).
For this reason, linamarin must be removed before dietary
use by humans or as feed. Linamarin is also hypothesized
to serve as carbon and nitrogen sinks as it is a conjugate of
glucose and cyanide moieties. However, although a possible recycling pathway for linamarin has been indicated from
metabolite profiling, evidence is lacking to support its functionality in vivo (Picmanova et al., 2015). As well as linamarin metabolism, biofortification of vitamin content in
cassava (Sayre et al., 2011; Li et al., 2015; Fudge et al.,
2017), and more recently studies on its starch structure (Bull
et al., 2018) have begun to appear. However, there is still no
comprehensive picture of primary metabolism in cassava.
In order to identify which metabolic characteristics are
related to yield traits in cassava, we grew six African cassava
cultivars namely TMEB419, TMEB693, IITA-TMS-IBA980002,
IITA-TMS-IBA980581, IITA-TMS-IBA30572, and IITA-TMSIBA011412 under controlled well fertilized greenhouse

© 2020 The Authors
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), 102, 1202–1219

1204 Toshihiro Obata et al.
conditions in Erlangen, Germany and in the field at IITA in
Ibadan, Nigeria. We harvested source leaves, sink leaves,
upper stems and storage roots for metabolite and enzyme
activity profiling, and determined yield-associated traits and
performed pairwise correlation analyses between each
metabolic trait and the yield-associated traits. We paid attention to differences between field and greenhouse conditions,
as well as to intercultivar differences in specific metabolic
traits. We also compared the metabolite levels and enzyme
activities in cassava to those previously documented in
other crops These analyses are discussed within the context
of the metabolic traits that underlie the high photosynthesis
rates in cassava, the contribution of source and sink to root
yield in different growth conditions, the response to nitrogen
supply, the balance between central metabolism and aspects
of specialized metabolism, and possibilities for improving
root yield under limited input agriculture.
RESULTS
Six cultivars of cassava showed different root weights in
both greenhouse and field trials
To investigate intercultivar differences in yield, storage
root weight, shoot weight, plant total weight and the harvest index (root weight divided by total plant weight) were
determined in six cassava genotypes after storage root
bulking [12 and 16 weeks after planting (WAP), in greenhouse and field trials, respectively]. The greenhouse
regime was characterized by higher N supply, and lower
irradiance. These parameters were also determined after
1 year (52 WAP) in the field trial to assess final yield at
agricultural harvest.
Root weight and harvest index were lower in the greenhouse than in the field (Figure 1, note scale differs between
panels). There were also marked differences between the
six cultivars. Generally, in a given condition, cultivars
showed similar shoot weights but rather different root
weights. For example, root weight was high in IITA-TMSIBA980002 under greenhouse conditions, and in TMEB419
in the field at the bulking stage. These variations in the
root weight were reflected in the harvest index. Interestingly, IITA-TMS-IBA980002 showed the highest harvest
index in the greenhouse, but a low harvest index in the
field at the bulking stage (Figure 1). As such, root weight at
the early stage of storage root development varied among
cultivars and environments. Five of the cultivars did not
display dramatic differences in root weight in the field at
agricultural harvest (TMEB419 was not included in this harvest).
Tissue-specific accumulation of metabolites are more
prominent in the greenhouse-grown plants
Chemical properties including abundance of starch, protein, sugars, sugar phosphates, nucleotides, amino acids,

organic acids, and minerals in the source leaf, sink leaf,
storage roots, and upper stem were determined 16 WAP in
the field-grown plants and 12 WAP in greenhouse-grown
plants. In total, 100 chemical properties were determined
by multiple analytical approaches (Data S1).
Principal component analysis (PCA) showed clear separation of the samples from each tissue in both the field and
the greenhouse (Figure 2a,c). The storage root was characterized by high starch content under both conditions (Figure S1). Ornithine and arginine contributed to the
separation of roots from other tissues in the greenhouse
samples (Figure 2b) but made only minor contributions in
field material (Figure 2d). Glutamine and putrescine characterized the stem in the greenhouse-grown plants (Figure 2b). Putrescine made little contribution (Figure 2d) and
glucose, fructose, and nitrate made more prominent contributions (Figures 2b,d, and S1) to separation of the stem
samples in field-grown material.
The relative levels of metabolites normalized by the
median of the contents of each metabolite are shown as a
heatmap (Figure 3). Tissue-specific accumulation can be
seen for metabolites belonging to the bottom cluster,
which contained putrescine, glutamine, ornithine, arginine,
asparagine, serine, proline, nitrate, and trehalose. However, tissue-specific accumulation of these metabolites was
less evident in field-grown than greenhouse-grown material (Figure 3). This cluster included some major amino
acids and their derivatives (which accumulated to above
1 mg g 1 in at least one of the tissues).
Tissue contents of selected metabolites are shown in the
Figure 4 (the results for all metabolites are provided in the
Data S2). As already mentioned, metabolites were often
highly accumulated in one or two tissues in the greenhouse-grown plants, while tissue specificity was less evident in field-grown plants. Glutamine and putrescine
reached 641 and 5 mg g 1 in the stem of greenhousegrown plants, respectively. Alanine also displayed stemspecific accumulation but in this case the effect of growth
environment was less evident. Arginine and ornithine
accumulated in sink leaves and roots of greenhouse-grown
plants. Asparagine, glutamic acid, and serine accumulated
in sink leaves of greenhouse-grown plants. Aspartic acid
also accumulated in the sink leaves of the greenhousegrown plants while it accumulated in roots in the fieldgrown plants (Figure 4). The generally high levels of major
amino acids in the greenhouse plants may reflect the
higher N supply. In contrast, the minor amino acids in the
bottom cluster in the Figure 3 showed no clear changes in
tissue distribution between greenhouse and field trials and
were unevenly accumulated among tissues (Figure S2). A
few amino acids showed tissue-specific accumulation only
in field-grown plants, including tryptophan, glycine and
leucine that were highly accumulated in leaves of the field
samples (Figure S3).
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Figure 1. Agronomic traits of six commercial cassava cultivars in the greenhouse-grown plants at 12 weeks after planting (a) and field-grown plants at 16 weeks
(b) or 52 weeks (c) after planting (note scale differs between panels). The boxplots showing the minimum, first quartile, median, third quartile, and maximum of
harvest index, shoot weight, root weight and total plant weight are presented in the top to the bottom panels. One-way ANOVA was conducted to examine the
variation in yield traits among cultivars and the letters indicate the results of following Tukey honestly significant difference (HSD) test comparing values among
cultivars in the same condition (P < 0.05).

High contents of linamarin were detected in all tissues,
although accumulation was less marked in root material
(Figure 4). The linamarin content was similar in

greenhouse-grown and field-grown plants, except that the
sink leaf content was slightly higher in greenhouse-grown
plants (Figure 4). Source leaf-specific and stem-specific
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Figure 2. Differences in metabolite profiles among tissues from six cassava cultivars grown in greenhouse and field trials. Principal component analysis (PCA)
of metabolic traits in the greenhouse (a) or field (c) experiments and respective loading plots including the names of 20 variables contributed most in the separation in PC1 and PC2 (b, d). The content of each metabolite was normalized by the median of that in all measurements and log2 transformed. The means of the
values in each cultivar and tissue were analyzed.

accumulation of trehalose was found in greenhouse-grown
but not in field-grown plants (Figure 4). Some organic
acids and sugar monophosphates (Figure S4) occurred at
higher levels in source leaves of greenhouse-grown than
field-grown plants, whereas their levels in other tissues
were similar under both growth environments. Roots accumulated much more starch than other tissues in both environments (Figure 4). Close inspection revealed that source
and sink leaves accumulated more starch under field conditions than under greenhouse conditions. Sucrose contents in leaves and stem were comparable between
greenhouse- and field-grown plants (Figure 4). However,
whereas sucrose in storage roots was very low in fieldgrown plants, it was almost three times higher in the
greenhouse plants (Figure 4). This may point to a restriction on sucrose use in the roots in the greenhouse plants.
Most minerals accumulated in a similar manner in

greenhouse-grown and field-grown plants (Data S2). However, stem-specific accumulation of nitrate was much more
prominent in greenhouse-grown plants (Figure 4).
Metabolite contents in leaves correlated significantly with
root yield parameters
In order to identify metabolic traits that are potentially
related to cassava yield, correlations between metabolite
contents in each tissue and yield parameters were tested
by Pearson correlation analysis. For the greenhouse trial,
metabolites and yield traits were compared at bulking (12
WAP). For the field trial, metabolites at bulking (16 WAP)
were compared with yield traits at bulking (16 WAP) and
agricultural harvest (52 WAP). The results of all correlation
tests are shown in Data S3, and genotypic variation of
metabolite levels in each tissue is shown for all metabolites in Data S4.
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Figure 3. Heatmap of relative metabolite levels in each tissue in greenhouse
and field trials. The content of each metabolite was normalized by the median of that in all measurements and log2 transformed. The means of the values in each tissue from all cultivars were shown as a heatmap. Red and
blue colours represent high and low levels of metabolites using a false-colour scale, respectively. Metabolites are arranged based on the result of hierarchical clustering and the dendrogram is shown on the left.

Under greenhouse conditions, eight metabolites in
source leaves displayed significant correlations with yield
traits (Figure 5a). Under field conditions, two metabolites
in source leaves and two metabolites in sink leaves displayed significant correlations with yield traits (Figure 5b).
In both conditions, we did not detect any significant correlations between metabolites in stem or storage roots and
root yield traits. Sucrose and sugars showed minor variation among cultivars in both greenhouse and field environments (Figure S5).
In greenhouse-grown plants (Figure 5a), glutamic acid
and Mg showed negative and positive correlations, respectively, with both harvest index and root weight, threonine
and AMP showed negative correlations with harvest index,
and leaf K correlated negatively with root yield. Genotypic
variation of metabolite and ion contents in source leaves
of greenhouse-grown plants is shown in the Figure 6a.
Source leaves of TMEB693, which showed poor root yield
in the greenhouse (Figure 1), had high levels of glutamate
acid, threonine, AMP and K, all of which showed negative
correlations with yield parameters (Figure 5a) and low
levels of Mg, which showed a positive correlation with
yield. Source leaves of IITA-TMS-IBA980002, which
showed the highest yield performance (Figure 1), tended
to accumulate less glutamate, AMP and K than other cultivars and the highest amount of Mg (Figure 6a).
In field-grown plants (Figure 5b), AMP in sink leaves
showed a positive correlation with shoot weight at 52
WAP, 3-trans-cafferoylquinic acid (chlorogenic acid) in
source leaves showed a positive correlation with harvest
index at 16 WAP, and trehalose in both the sink and source
leaves showed a positive correlation with harvest index at
16 WAP (Figure 5b). These positive correlations depended
on the TMEB419 cultivar, which accumulated much higher
levels of trehalose and chlorogenic acid in leaves (Figure 6b) and had a high yield (Figure 1b) in the field.
Enzyme activities reveal a high capacity for
photosynthesis and sucrose and starch synthesis in leaves
We profiled the activity of a panel of enzymes involved in
photosynthesis, starch and sucrose synthesis, nitrogen
metabolism, glycolysis and respiratory metabolism using
assays previously established for Arabidopsis (Gibon et al.,
2004; Sulpice et al., 2007), tomato fruit (Steinhauser et al.,
2010) and maize leaves (Wang et al., 2014; Table S2). For
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Figure 4. Contents of metabolites which showed remarkable tissue specificity in greenhouse and field-grown cassava plants. The boxplots show the minimum,
first quartile, median, third quartile, and maximum contents of metabolites in tissues from each of four or six plants of all six cultivars in the greenhouse and
the field experiments, respectively (n = 24 greenhouse, n = 36 field). The left and right panels represent the results from greenhouse and field experiments,
respectively. One-way anova was conducted to examine the variation in metabolite contents among tissues and the letters indicate the results of following
Tukey honestly significant difference (HSD) test comparing values among tissues under the same conditions (P < 0.05).

© 2020 The Authors
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), 102, 1202–1219

Cassava metabolism and root yield 1209
(a) Greenhouse

Source leaf
Glutamic acid

5 000 ●

●
●

Metabolite

●●

●●

3 000

● ●●

●

4 000

●
●●
● ●

●

●

●

●
●
●●

●

r = −0.8064, p = 1.96e−06

2 000
0.1

0.2

0.3

●
●

●

400

●
●●

●

●●

●
●●

100

200

●

0.1

5 000

●

●

3 000

4 000

3 000

●

●
2 000 ●

●

2 000 ●

r = 0.7878, p = 4.88e−06

0.1

●
●
●●
●
●
●
●

0.2

0.3

25 000

r = −0.7463, p = 2.818e−05

0.1

●

25 000

●●
●● ● ●
●
●

300

400

0.3

●
●

●

●
●

●

●

0.4

●

●●

●

●

●
● ●●●

15 000

●

●

r = −0.7237, p = 6.407e−05

500 600 700 800 900

Root Weight

●
●

● ●
●
●
● ●●
●

20 000

r = −0.7966, p = 3.2e−06

r = 0.792, p = 4e−06

200

0.2

●●

Harvest Index

●
●● ●
●

●

15 000

100

0.4

Harvest Index

20

●●

●

●

●
●
● ● ●●
●
●

●

●

20 000

●

●●
● ●

K

●

●
●● ●
●●
● ●

●

●●
●
●
● ●
● ● ●● ●
●
●
●
●

0.4

●

●●
●
●

0.3

●

●

K

● ●

4 000

0.2

●

Harvest Index

Mg

5 000

●

●
●● ● ●
●
●

●

r = −0.7468, p = 2.762e−05

400

●

40

●
●
● ● ●
●●

Root Weight

Harvest Index
Mg

Metabolite

●

300

●
●

●

200

●

●

60

●

●
●

300

●

r = − 0.7719, p = 9.97e−06

2 000

0.4

●

●

● ●
●
●●
●

3 000

AMP

500 ● ●

●

4 000

●

Threonine

Glutamic acid

5 000 ●

100

Total Weight

200

300

400

Root Weight

(b) Field

Sink leaf

Source leaf
Trehalose
●

Metabolite

●

1 000
100

●
●
● ●●
●●
●

●
●

500

●

r = 0.8805, p = 3.239e−05

2.5

3.0

3.5

4.0

Shoot Weight (52 weeks)

0

5 000
●

1 500

●

200

●

●

●

●●
●●
● ●
● ●● ●
●
●●●
●● ●●●● ● ● ● ●
●
●

●
●

●

0.5

2 000

0.6

Harvest Index (16 weeks)

0

Trehalose

●
●

3 000

1 000

r = 0.7588, p = 2e−07

0.4

3-trans-caffeoylquinic acid

4 000

Metabolite

AMP

●

●

●

●

●

●

●

●

r = 0.6742, p = 9e−06

0.5

●● ●
●

1 000
●

● ● ●●● ●
●
●●
● ●● ● ●●●
● ●
● ● ●●●

0.4

●

0.6

Harvest Index (16 weeks)

500

●
●●
●
●
●● ●● ●
●
●●
r = 0.6432, ●
p●
= 3.082e−05

● ●

●● ●
●
●
●
●● ● ● ●

0.4

0.5

0.6

Harvest Index (16 weeks)

Figure 5. Correlations between metabolite contents in leaf tissues and yield parameters of greenhouse-grown (a) and field-grown (b) cassava plants. Contents
of selected metabolites showing significant correlation with yield parameters (P < 3.125 9 10 5; Data S3) were plotted against harvest index or root weight.
Each point indicates the data from an individual plant (n = 24: 4 plants 9 6 cultivars in the greenhouse; n = 36: 6 plants 9 6 cultivars in the field). Colours of the
points correspond to cultivars. r and P are the correlation coefficient and P-value from Pearson correlation analysis, respectively.

each enzyme and tissue, assays were optimized by modifying pH, ion and substrate levels to achieve maximal activity, and validated by checking for linearity of activity with
extract amount (Tables S3 and S4). In all analysis batches,
we included standard greenhouse-grown Arabidopsis
rosette material as a control. Enzyme activities were analyzed in the greenhouse trial in Erlangen and two field trials at IITA in 2015 and 2016, with the latter being a dry
year (data provided in Data S5). Whereas enzyme activities
could be harvested in fresh material from the greenhouse,
transport of field-grown material required lyophilization.
This led to loss of activity for some enzymes, which were
therefore excluded from the data set for field-grown
material.

We first compared enzyme activities between genotypes.
Variation was larger between trials than between genotypes, as illustrated by selected enzymes in the mature leaf
(Figure S6a) and storage root (Figure S6b) of the six genotypes that were jointly investigated in the greenhouse and
one of the field trials. In a PCA, samples were grouped
according to trial, rather than to genotype (Figure S6c).
We therefore focused on features that were shared
between genotypes. One striking result was that the activities of enzymes related to photosynthesis and starch and
sucrose synthesis were very high in cassava source leaves.
Figure 7 shows enzyme activities for greenhouse-grown
plants. Enzymes that were especially high in cassava relative to Arabidopsis included photosynthesis enzymes
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(a) Greenhouse

Source leaf

(b) Field

Sink leaf

Source leaf

Figure 6. Genotypic variation of metabolite contents in source leaves of greenhouse-grown (a) and field-grown (b) cassava plants. Contents of metabolites in
tissues which showed significant correlation with yield parameters (Figure 5) are shown. The boxplots show the minimum, first quartile, median, third quartile,
and maximum contents of metabolites in each cultivar (n = 4 greenhouse, n = 6 field). One-way ANOVA was conducted to examine the variation in metabolite
contents among cultivars and the letters indicate the results of Tukey honestly significant difference (HSD) test comparing values among cultivars (P < 0.05).
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Figure 7. Enzyme activities in mature cassava leaves from the cultivar TME419/TMEB419 compared with Arabidopsis rosettes. Both sets of plants were grown
in the greenhouse. The original data are provided in Table S6. Similarly high activities of enzymes from the Calvin–Benson cycle, starch and sucrose synthesis
and phosphoenolpyruvate carboxylase (PEPC) were also seen in the other cultures and, for enzymes that could be measured, in the field-grown plants (Data S5
and Figure S6).

(FBPase, RuBisCO, TK, TPI), enzymes of sucrose and starch
synthesis (AGPase, SPS, UGPase) and PEP carboxylase.
Those enzymes that could be measured in lyophilized
material had even higher activity in field-grown than
greenhouse material (Figure S6a). The high activities of
photosynthesis-related enzymes in cassava leaves may
partly reflect their high protein and chlorophyll content
(Data S5; Arrivault et al., 2019). Conversely, many enzymes
that are involved exclusively in respiratory metabolism
[G6PDH, pyruvate kinase, fructokinase, glucokinase, isocitrate dehydrogenase (DH)] and N metabolism (AspAT,
AlaAT) were similar or lower in cassava than Arabidopsis.
The relatively high PEP carboxylase activity in cassava
leaves prompted us to directly compare RuBisCO and PEP
carboxylase activities in cassava, the C3 species Arabidopsis and the C4 species maize, all measured on the same
analytic platform (Table S5). The high PEP carboxylase
activity in cassava largely paralleled the high RuBisCO
activity. The ratio of PEP carboxylase activity:RuBisCO
activity was low in cassava and Arabidopsis (0.31 and 0.17,
respectively) and 15–40 times higher in maize (3.3–8.1).
AGPase activity in roots was consistently about two-fold
higher in field-grown than greenhouse-grown material

(Table S6 and Figure S6b). This contrasts with the glycolytic enzymes phosphofructokinase (PFK) and pyruvate
kinase (PK), which showed similar activities in field and
greenhouse material. This high AGPase activity may partly
explain the higher starch and lower sucrose contents in
roots from field-grown compared with greenhouse-grown
plants (see above). AGPase, PFK, and PK activities were all
higher in the stems of field-grown than greenhouse-grown
plants (Table S6), possibly reflecting an increased importance of the latter as a transient store and metabolic compartment in the field.
DISCUSSION
High activities of enzymes involved in photosynthesis and
sucrose and starch synthesis in cassava leaves support
high photosynthesis rates
According to FAO statistics, cassava is currently the fourth
most important crop on Earth in terms of calorific yield
(http://www.fao.org/publications/sofa/2016/en/). However,
fundamental metabolic features pertinent to yield remain
under-researched. One striking feature of cassava metabolism uncovered in this study is the very high activities of
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enzymes involved in photosynthesis, sucrose synthesis
and starch synthesis in source leaves (Figure 7). The
Calvin–Benson cycle enzymes investigated in this study
included RuBisCO, FBPase and TK; RuBisCO and FBPase
often exert a considerable and a small amount of control
on the rate of photosynthesis, respectively, and TK is only
in small excess (Henkes et al., 2001; Tamoi et al., 2006; Stitt
et al., 2010; De Souza et al., 2019). These high enzyme
activities may contribute to the high rates of photosynthesis in cassava (Angelov et al., 1993) and to the high
sucrose levels in its source leaves, compared with other
crops. The relatively high activity of PEP carboxylase may
contribute to increased synthesis of organic acids and
amino acids.
Root yield is correlated with several metabolic traits in the
leaves
All of the metabolic traits that showed significant correlation with yield traits were for leaves, and most were for
source leaves (Figure 5). Metabolite contents in storage
roots did not show any significant correlations with yield
traits in the greenhouse or field trial. This situation is most
likely due to the increase in storage root mass keeping the
root metabolite content constant on a dry weight basis. It
is rather reasonable for plants to extend the storage capacity by increasing storage root mass rather than accumulating metabolites in the roots. The preponderance of source
leaf metabolic traits in the correlation matrix between
metabolic and yield traits indicated a close relationship
between source metabolism and root yield in cassava,
especially in greenhouse plants. However, we did not find
any obvious relationship of yield traits with sugar or starch
contents in the source leaf.
The yield traits in greenhouse plants positively correlated with Mg and negatively with glutamate, threonine
and AMP, while those in field-grown plants correlated positively with trehalose, 3-trans-caffeoylquinic acid (chlorogenic acid) and AMP (Figure 5). Some of these
relationships point to a relationship between energy status
and yield. Mg has been reported to have a positive impact
on the yield in many crops. It has various functions related
to photosynthesis including being required for chlorophyll
and RuBisCO activity, chloroplast ultrastructure and
phloem loading and photoassimilate transport (Trankner
et al., 2018). AMP may activate SnRK1, which plays a central role in the regulation of metabolism in response to
energy and stress (Crozet et al., 2014). Trehalose provides
protection against abiotic stress. It is also associated with
the trehalose-6-phosphate (T6P) signalling pathway, which
regulates carbon and nitrogen metabolism, as well as
developmental transitions (Lunn et al., 2014; Figueroa and
Lunn, 2016), and acts at least in part by inhibiting SnRK1
(Zhang et al., 2009; Debast et al., 2011; Zhai et al., 2018).
However, the signalling function of trehalose metabolism

in cassava has not been investigated and sucrose levels
showed no correlation with yield parameters.
Source leaf K correlated negatively with root and total
weight in greenhouse-grown plants (Figure 5). This is
unexpected because K usually has positive effects on photosynthesis, phloem transport and crop yield (Trankner
et al., 2018) and K deficiency impacts on organic acid and
nitrogen metabolism (Armengaud et al., 2009). Although
cassava absorbs large amounts of K from the soil, K often
becomes the most deficient nutrient and can restrict root
production (El-Sharkawy, 2012). The negative correlation
between K and yield traits might reflect an interaction
between K and sucrose transport from source leaves to
storage roots. K is a major solute in sieve cells (Mengel
and Haeder, 1977; Prajapati, 2012) and sucrose loading
depends on a concomitant import of K (Giaquinta, 1980).
The negative correlation between source leaf K and root
weight might indicate that transport of sucrose to sink tissues is supported by rapid K+ loading into the phloem,
which reduces source leaf K levels. A major function of K
import into the phloem is to reload the ‘potassium battery’
(Gajdanowicz et al., 2011). The phloem is prone to hypoxia,
leading to decreased energy charge (van Dongen et al.,
2003) and this is especially likely in plants with a thick
stem, like cassava. A low energy charge and accompanying membrane depolarization usually lead to substrate
leakage (Minchin and Thorpe, 1987), for which high concentrations of K in the phloem serve to counteract.
Cassava yield is mainly source limited and sink limited
under greenhouse and field conditions, respectively
The contribution of source and sink limitation depends on
conditions and development (Sonnewald and Fernie,
2018). The growth conditions in the field and the greenhouse environments of our study differed, with lower light
intensity and temperature but higher nitrogen availability
in the greenhouse than in the field. This is likely to lead to
stronger source limitation in the greenhouse- compared
with the field-grown plants. The preponderance of correlations between source leaf metabolite levels and root yield
parameters in the greenhouse condition (Figure 5) is consistent with the idea that source metabolism limits the root
yield. This conclusion is in agreement with the observation
that cassava tuber yield is increased under elevated atmospheric CO2 (Rosenthal et al., 2012).
De Souza and Long (2018) suggested that cassava can
become sink limited in conditions that allow high rates of
photosynthesis. In our study, field-grown plants had a
much higher root yield than greenhouse plants. This was
accompanied by a two- to three-fold increase in AGPase
activity (Figure S6b) and a three-fold decrease in sucrose
levels (Figure 4) in the root. AGPase typically exerts control
over starch synthesis, especially in sink organs (Geigenberger et al., 2004; Smidansky et al., 2007; Zeeman et al.,
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2010). Our results indicated that under greenhouse conditions the conversion of sucrose to starch in the roots may
be restricted by low AGPase activity, and that this restriction is at least partially relieved in field-grown plants. As
already mentioned, the rate of photosynthesis and the supply of sucrose to the roots is likely to be higher in the fieldgrown plants than in greenhouse plants. The increase in
AGPase activity may be important to support the higher
flux to starch in roots. Further, by reducing root sucrose
levels it may promote movement of sucrose to the root. It
is possible that the increase in AGPase activity is accompanied by co-ordinated increase in the activity of other
enzymes or transporters involved in sucrose breakdown
but, notably, it was not accompanied by an increase in the
activity of the key respiratory enzymes PFK and PK. Further
experiments are needed to identify the molecular mechanisms that lead to the increase in AGPase activity in the
field, but they are likely to include positive effects of carbon signalling and possibly negative effects of nitrogen
signalling (Scheible et al., 1997; Nielsen et al., 1998; Stitt
et al., 2002) on AGPase expression (see also below for a
wider discussion of the impact of nitrogen signalling on
storage roots). Although not addressed in our study, sugars also promote post-translational activation of AGPase
(Tiessen et al., 2002; Geigenberger et al., 2004). Taken
together, our results pointed to a shift towards sink limitation in the field, albeit alleviated by feedforward regulation
of AGPase and possibly further steps in the conversion of
sucrose to starch. Further evidence for a key role of
AGPase in starch accumulation in cassava roots is provided by a study in which the bacterial glgC gene (a deregulated version of the starch biosynthesis enzyme AGPase)
was overexpressed in cassava storage roots (Ihemere
et al., 2006). Compared with control plants, this resulted in
a 2.6-fold higher storage root biomass and significant
increases in above-ground biomass consistent with a possible reduction in feedback inhibition of photosynthetic
carbon fixation. This earlier finding highlights the importance of the difference in AGPase activity that we observed
between greenhouse and field conditions.
Taken together, cassava root yield is likely to be co-limited by source and sink, as has previously been documented for potato tuber yield (Sweetlove et al., 1998; Jonik
et al., 2012; Sweetlove et al., 2017). In our greenhouse
plants, the supply of carbon is likely to be low, AGPase
activity is low, and root yield is low. In field-grown plants,
the supply carbon is likely to be higher, AGPase activity is
increased and root yield is higher. This close interaction
between source and sink capacities implies that optimal
yield improvement of African cassava is likely to require
intervention in both source and sink functions. At first
sight, this conclusion is unexpected, as cassava has very
high rates of photosynthesis for a C3 species (see above).
However, photosynthesis rates including cumulative

photosynthesis over a season are not always high, and
photosynthetic efficiency is only c. 14% of the theoretical
maximum for a C3 plant (De Souza et al., 2017). Furthermore, conversion of photosynthate into tuber biomass is
rather inefficient due to simultaneous growth of the shoot,
stem and tubers (De Souza et al., 2017).
Yield is not strongly limited by nitrogen
Many major metabolic characteristics of the various tissues
in cassava were similar between the two growth conditions
despite vast differences in the parameters including light
and temperature regimes (Figures 3, 4, and S1–S5). In both
greenhouse-grown and field-grown plants, the storage root
was characterized by high starch and low protein, while
the stem was characterized by high levels of glucose, fructose and glutamine and high linamarin (Figures 2 and 4). A
different picture appears for nitrogen-containing primary
metabolites, with most of these being considerably higher
in greenhouse-grown than field-grown plants (Figure 4).
This situation is almost certainly due to the paucity of soil
nitrogen in Ibadan with total nitrogen representing 0.07 %
of soil mass in Ibadan, compared with 0.12% in the soil
used in the greenhouse (Table S7). Differing nitrogen supply may also explain the lack of consistency between yield
data in the greenhouse and the field (Figure 1). As mentioned in the Introduction, over-fertilization of cassava can
enhance shoot growth at the cost of root production (Pellet
and El-Sharkawy, 1993). This may explain why all the cultivars we tested, except for IITA-TMS-IBA980002, showed
lower harvest index in the greenhouse than in the field.
The inconsistent root yield in the two growth environments may reflect cultivar-specific sensitivities of growth
to nitrogen availability. For example, our results suggested
that IITA-TMS-IBA980002 may be tolerant to excess nitrogen. These will in turn affect the carbon source–sink interactions (Burnett et al., 2016). It is also possible that further
factors like light and temperature, a less stable environment and biotic interactions contribute to the different
responses in the greenhouse and field.
Our study provides new insights into nitrogen metabolism in cassava. First, total protein content in cassava,
surprisingly, showed only minor differences between the
greenhouse and the nutrient-impoverished field (Figure S1), despite quantitative differences in the levels of
many abundant amino acids (Figure 4). Photosynthesis
enzymes represent a large part of total leaf nitrogen. As
already mentioned, their activities were even higher in
field-grown than greenhouse-grown material, pointing to
the ability of cassava to maintain photosynthesis capacity under low nitrogen conditions. Second, increased
tuber yield in the field compared with the greenhouse
was associated with lower amino acid levels in many
organs (Figures 4 and S2). This might reflect a restriction of tuber initiation or growth by high nitrogen (Pellet
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and El-Sharkawy, 1993). This is also indicated by the
negative correlation between yield traits and source leaf
glutamate and threonine contents, which was observed
specifically in the greenhouse-grown plants (Figure 5).
Third, in the fertilized greenhouse-grown plants; a subset of
N-containing metabolites accumulated to very high levels,
including glutamine, putrescine and nitrate in the stem, and
ornithine and arginine in roots and sink leaves (Figure 4).
Asparagine, serine and glutamate showed similar trends in
sink leaves in greenhouse-grown and field-grown plants
(Figure 4). These amino acids are likely to serve as nitrogen
storage and for transport (Nordin and Nasholm, 1997; Couturier et al., 2010). It is also noteworthy that the cyanogen
linamarin, which contains nitrogen and is highly abundant
in aerial tissues, showed higher accumulation in greenhouse than in field material (Figure 4) suggesting that linamarin probably serves as a nitrogen storage compound.
Linamarin is considered a nitrogen storage molecule (Siritunga and Sayre, 2004) as it accumulates in the shoot apex
when cassava is fertilized with nitrate (Jorgensen et al.,
2005) and the nitrogen in the cyanide moiety is incorporated into amino acids in cassava seedlings (Nartey, 1969).
Although this cyanogenic glycoside accumulated to higher
levels in the nitrogen-rich greenhouse conditions than in
the field, the increase in amount is less than that of glutamine (Figure 4). Considering the high atomic N/C ratio in
the molecules, glutamine and putrescine most likely serve
as the major nitrogen storage in cassava. These results indicated distinctive mechanisms to maintain nitrogen homeostasis in cassava, which enables this plant to maintain the
protein concentration in leaves, regardless of nitrogen
availability and further its productivity on low nitrogen soil.
Comparative analysis of the absolute levels of
metabolites across source and sink tissues with those of
other better characterized crops such as potato (Roessner et al., 2000; Fernie et al., 2002; Evers et al., 2010),
and tomato (Roessner-Tunali, 2003; Schauer et al., 2005;
Leyva et al., 2014; Benard et al., 2015) revealed similar
trends and similar ranges of absolute levels of most
nitrogen-rich metabolites across all these species (Data
S1). However, asparagine and glutamine were considerably higher in cassava than tomato leaves, while tryptophan, lysine and histidine were considerably lower (Data
S1). Furthermore, tryptophan, lysine and histidine, were
considerably lower in cassava roots than potato tubers
or tomato fruits (Data S1). Interestingly, the amino acids
that are higher in cassava contain more than one nitrogen atom. This comparison highlights its distinctive
nitrogen metabolism and could contribute to the ability
of cassava to maintain productivity on depleted soils.
Our results also indicated that the stem metabolite profile is probably a good indicator of cassava nitrogen status, with putrescine accumulation in the stem potentially
being a good marker of nitrogen soil nutrition as it was

undetectable in field-grown and high in greenhouse
material.
Chlorogenic acid as a possible yield marker
We detected a few secondary metabolites with 3-transcaffeoylquinic acid (chlorogenic acid), accumulating to
much higher levels in TMEB419 than the other cultivars
(Figures 5 and 6). This cultivar also showed the highest
root weight and harvest index in the field (Figure 1).
Chlorogenic acid functions as an antioxidant as well as
an anti-fungal and anti-bacterial agent. It is likely that
the capability of TMEB419 to accumulate chlorogenic
acid in photosynthetic tissues renders it more resistant
to pathogen attack, leading to the higher yield in the
field. The low chlorogenic acid in the greenhouse may
be because it is induced by pathogens that were absent
in the greenhouse, or because chlorogenic acid is
induced by UV-B (Tohge and Fernie, 2017). The ability
to accumulate chlorogenic acid appears to be cultivar
specific, making it a promising candidate marker to
screen high yield cultivars and a potential breeding target to introduce environmental resilience to susceptible
cultivars in the actual agricultural environment in Africa,
along with trehalose which showed similar correlation
and cultivar specificity (Figures 5 and 6).
In summary, profiling of metabolite levels and enzyme
activities has provided new insights into metabolism in
cassava. First, in addition to providing further support
for the recent conclusion that cassava employs a C3
mode of photosynthesis, our results revealed that the
high rate of photosynthesis in cassava is likely to be
due to high activities of photosynthetic enzymes. Second, storage root formation in cassava is likely to be
co-limited by both sink and source capacity, with the
interaction with the growth conditions. Third, yield is
markedly robust against low nitrogen in the field,
despite a decrease in the levels of nitrogen metabolites.
This may be due to change in nitrogen metabolism
compared with temperate crops. Glutamine and putrescine accumulated in the stem under the nitrogen-rich
environment, most probably serving as forms of nitrogen storage that may partially support the high nitrogen-use efficiency of cassava plants. More generally, our
dataset represents a valuable knowledge base for the
analysis of cassava metabolism, for example absolute
quantification of metabolite contents in each tissue provides information about their relative contribution in
nitrogen and carbon metabolism. Our study also highlighted photosynthetic carbon assimilation rate (source
capacity) under photosynthetically unfavourable conditions, K battery, regulation of root AGPase activity (sink
capacity), and accumulation of chlorogenic acid as specific target traits for future improvement of this important
crop species.
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EXPERIMENTAL PROCEDURES
Materials and growth conditions
Six African commercial and farmer preferred cassava cultivars,
TMEB419, TMEB693, IITA-TMS-IBA980002, IITA-TMS-IBA980581,
IITA-TMS-IBA30572 and IITA-TMS-IBA011412, were grown in a
greenhouse in Erlangen, Germany (August 2015 to October 2015)
and in one experimental field in Ibadan, Nigeria (May 2015 to
August 2016). The genotypes were chosen to cover diversity in
yield, flowering time, resistance to cassava mosaic virus and other
specific features. The information was extracted from historical
data at IITA hosted by cassavabase.org. The characteristics of
each genotype are described in Table S1. In the greenhouse
experiment, plants from tissue culture were carefully transferred
to substrate (Einheits Erde Classic Profi, Einheits Erde, SinntalAltengronau, Germany) in a 3.5-L pot and grown in a 20 m2 chamber from 4 August 2015 until 29 October 2015. Growth light was
supplemented with 250 µmol m 2 sec 1 under a 12 h/12 h, day/
night light regime. The temperature was kept at 28 and 25°C in the
day and night, respectively, and the relative humidity was kept at
60%. The plants were watered every second day and no fertilizer
was supplied. Four individual plants of each cultivar were randomly located in the greenhouse, avoiding having the same genotype clustered together. The positions of these plants were rotated
twice a week. In the 2015–2016 field trial, plants were planted on
28 May 2015. Sampling took place in the week of the 21 September 2015, when it was still in the high period of the first rainy season, to avoid metabolic and physiological changes caused by
drought. The layout was a Randomized Complete Block Design in
which three blocks (replicates) each containing in a randomized
manner the same six genotypes in plots of 28 plants. The plants
were planted as sticks (25 cm pieces from stem cuttings) from IITA
internal genetic resource fields (genotyped by the cassava breeding unit). A similar field trial was conducted in July 2016 to July
2017. The material from 2016–2017 field trial was used only for
enzyme activity measurements. The experimental design was the
same as that of the 2015–2016 trial except that two genotypes,
IITA-TMS-IBA980002 and IITA-TMS-IBA011412, were replaced with
IITA-TMS-IBA980505 and IITA-TMS-EB7. A summary of experimental details, conditions and analysis performed is presented in
Table S8.

were carefully washed before sampling. Samples from each tissue
were snap frozen in liquid nitrogen immediately after sampling
and freeze dried before shipments. The samples were ground well
to a fine powder to be mixed well using a motor and pestle; aliquots were distributed to institutions for specific analyses.

Determination of organic acids and phosphorylated
intermediates
Measurements of organic acids and phosphorylated intermediates
were performed on 25 mg freeze-dried cassava tissue according
to Horst et al. (2010a, 2010b). The recovery rate for each metabolite and tissue was determined before analysis by adding known
quantities of authentic standards at the start of the metabolite
determination process, that is extraction of the metabolites (Figure S7).

Determination of anions and elements
For the isolation of anions, 0.5 ml of water was added to 5 mg
freeze dried and fine milled (Retsch, Haan, Germany) cassava tissue material, mixed thoroughly and heated for 15 min at 95°C.
After centrifugation (10 min, 16 000 g), the supernatant was used
for quantification via ion chromatography using a 761-IC compact
device (Metrohm). The column system consisted of a Metrosep A
Supp 4/5 Guard 4.0 and a Metrosep A Supp 4-250/4.0 (Metrohm),
followed by conductometry at a flow rate of 1 ml min 1 and a
pressure of 7.5 MPa, using 1.8 mM sodium carbonate and 1.7 mM
sodium hydrogencarbonate as the mobile phase and 50 mM sulfuric acid as the counter-ion.
The quantification of elements was performed as described earlier in Klaumann et al. (2011), with 20–30 mg of freeze-dried cassava tissue material. In brief, samples were placed in a mixture
consisting of 5 ml HNO3 (65%, v/v), 2 ml H2O2 (30 %, v/v) and 3 ml
double-distilled water in a MLS-Ethos microwave oven using a
temperature step gradient with a maximum temperature of 210°C.
Digests were analyzed by inductively coupled plasma-optical
emission spectrometry (ICP-OES) on an iCAP 6300 DUO.

Determination of total protein
Total protein contents were quantified in freeze-dried cassava tissue material via the assay described in Bradford (1976) adapted
for microplates.

Determination of agronomic traits
Metabolic profiling
Plants were harvested for yield-associated traits at 12 WAP for
greenhouse and at 16 and 52 WAP for field-grown plants. Each
plant was carefully manually uprooted. Different plant parts were
separated into storage roots, lignified stems, and young stem
together with leaves. Different part weights were measured. For
the greenhouse experiment, individual plants are treated as replicates. For the field sampling at 16 and 52 WAP, two individual
plants per plot or pool of all plants (18–24 plants) from each plot
were treated as replicates, respectively. The results are expressed
in t/ha (10 000 plants per hectare, planted in a 1 m 9 1 m grid).

Sample preparation for chemical profiling of cassava
tissues
For detailed metabolic analysis, source leaves, sink leaves, upper
stems, and storage roots were sampled at 12 and 16 WAP in the
greenhouse and field trials, respectively. The materials were sampled from the plants used for the determination of agronomic
traits. Sampling took place between late morning and early afternoon to minimize diurnal deviation in metabolite levels. Roots

Metabolite extraction for gas chromatography-mass spectrometry
(GC-MS) was carried out as previously described by Lisec et al.
(2006) using 10 mg of ground freeze-dried cassava tissue. Ribitol
(0.2 mg ml 1 in H2O) was used as an internal standard during
extraction. A dry aliquot of the polar phase was resuspended in
methoxyamine hydrochloride (20 mg ml 1 in pyridine) and derivatized using N-methyl-N-[trimethylsilyl]trifluoroacetamide (MSTFA)
containing 20 ll ml 1 fatty acid methyl esters mixture as retention
time standards. A volume of 1 ll of derivatized metabolite solution was used for injection. Peaks were annotated to metabolites
by comparing mass spectra and GC retention times to database
entries and those of authentic standards available in a reference
library from the Golm Metabolome Database (Kopka et al., 2005).
The GC-MS system comprised a CTC CombiPAL autosampler, an
Agilent 6890N gas chromatograph, and a LECO Pegasus III TOFMS running in EI+ mode. Chromatograms and mass spectra were
evaluated using Chroma TOF 1.0 (Leco) and TAGFINDER 4.0 software
(Luedemann et al., 2008). Mixtures of authentic standards with 0,
200, 500, and 1000 ng of each compound were included in each
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batch of GC-MS analysis to calculate absolute amounts of
metabolites from the peak intensity of a representative fragment.
The effects of freeze drying in the detection of individual
metabolites in each tissue were determined before analysis. In
total, 54 out of 59 detected metabolites showed less than 20% differences of peak intensities between fresh and dry samples (Figure S8), suggesting the minor effects of freeze drying on GC-MS
quantification in general.
In order to evaluate the matrix effect of cassava materials, a preliminary recombination experiment was conducted by mixing the
metabolite extracts of cassava organs with standard compound
mixtures containing 1.0 µg of each metabolite and analyzed by
GC-MS, with no significant matrix effect being observed in 41 out
of 52 detected metabolites (Figure S9).

Determination of soluble sugars, starch and free amino
acids
Soluble sugars, starch and free amino acids were extracted as
described previously (Jung et al., 2015). Levels of starch and soluble sugars and starch were determined using a NADP-coupled
enzymatic test (Jung et al., 2015) in 96-well plates and measured
with a TECAN Infinite 200 Pro plate reader.
For determination of free amino acids, 20 µl from the ethanol
extraction or 20 µl of a 1:10 diluted standard (Thermo Scientific
Pierce Amino Acid Standard H) were mixed with 60 µl borate buffer (200 mM, pH 8.8) and 20 µl aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) solution (Synchem UG & Co.
KG, Felsberg, Germany; in 2 mg ml 1 acetonitrile) vortexed immediately and heated at 55°C for 10 min. The derivatized AQC amino
acids were quantified using a Dionex P680-HPLC system with an
RF 2000 fluorescence detector (Dionex, Sunnyvale, CA, USA) and
a column system consisting of CC8/4 ND 100-5 C18ec and CC 250/
€ ren, Germany). For separa4 ND 100-5 C18ec (Macherey-Nagel, Du
tion of amino acids, a gradient consisting of 100 mM sodium acetate/7 mM triethanolamine (pH 5.2, buffer A) and acetonitrile/water
(90%, buffer B) (0–100%) was used. The AQC amino acids were
detected by fluorescence with an excitation wavelength at 254 nm
and emission at 395 nm. Matrix effects on the measurement were
minor for these metabolites (Figure S10).

Determination of enzyme activity
Enzyme activities were assayed as described in Gibon et al. (2004)
and modified as in Table S3. The optimization of the enzymes
measured was carried out with cassava plant material (TMEB419)
grown under greenhouse conditions. The recovery of enzyme
activities in each tissue after lyophilization was determined before
analysis, as presented in Table S4.

Statistical analysis
All statistical analysis was carried out using R (v.3.4.3 or v.3.5.0).
PCA was performed for the greenhouse and field data separately.
The contents of each metabolite were normalized by the mean of
these from all samples. The normalized metabolite contents were
averaged for each tissue from each genotype. PCA was conducted
using prcomp function with the default parameters without scaling; the score and loading plots were drawn by autoplot function
in the ggfortify package. The top 20 metabolites that contributed
in the separation into PC1 and PC2 were identified based on
squared coordinates values calculated using the get_pca_var function in the factoextra package. A heatmap with hierarchical clustering was drawn using both greenhouse and field data together.
The contents of each metabolite were normalized by the median

of these from all samples and the mean values for each tissue
from each genotype in each growth environment were log2 transformed. A heatmap was drawn using the pheatmap function in the
pheatmap package without clustering the samples. Variation of the
contents of each metabolite among tissues was analyzed using both
greenhouse and field data together. The raw metabolite contents
data were analyzed using one-way analysis of variance (ANOVA) with
the aov function using tissues in each growth environment as a factor. Tissues from individual plants were considered as replicates in
both greenhouse (n = 24) and field (n = 36) experiments. Next, a
Tukey honestly significant difference (HSD) test was performed
using the glht function in the multcomp package and the results
were presented as letters generated by cld function in the multcomp
package. Boxplots were drawn using the ggplot function of the
ggplot2 package. Genotypic variation of agronomic and metabolic
traits was analyzed for each tissue from greenhouse and field experiments separately using one-way ANOVA and cultivars as a factor.
Pearson correlation analysis between metabolite contents and yield
traits was performed by cor.test function and scatter plots were
drawn by ggplot function. Metabolite contents and yield traits from
a single plant were considered as a replicate for the greenhouse trial
(n = 24, 4 plants 9 6 cultivars). For the correlation analysis between
metabolite contents and yield parameters at 16 WAP in the field trial,
a single plant was considered as a replicate (n = 36, 6 plants 9 6 cultivars). Means of metabolite contents from two plants in the same
plot were analyzed against the yield parameters at 52 WAP derived
from the same plot (n = 18, 3 plots 9 6 cultivars). A correlation Pvalue below 3.125 9 10 5 was considered as significant based on
Bonferroni correction to the multiple analysis (1600 multiple analyses).

ACKNOWLEDGEMENTS
This research was supported by the Bill and Melinda Gates Foundation (OPP1113365) titled ‘CASS – Metabolic engineering of carbon pathways to enhance yield of root and tuber crops’. We
additionally acknowledge the support of the IITA Cassava Breeding Unit, being most grateful to Anetor Omonuwa for valuable
help in planting, field maintenance and sampling activities. We
appreciate Qi Zhang at University of Nebraska-Lincoln for consultation regarding statistics. The authors declare no competing
interests in this work.

AUTHOR CONTRIBUTIONS
AG, LAM, SCZ, MS, US, HEN, and ARF conceived and
supervised the project. TO, LRS, MS, and ARF wrote the
manuscript with the contributions of all authors. FL and
WZ conducted the greenhouse experiment. AG and LS
conducted the field experiments. TO, PAWK, LRS, and FL
conducted biochemical analyses. AS measured enzyme
activities. NM and LAM managed the data. TO, LRS, AS,
MS, and ARF analyzed the data.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article.
Data S1. Absolute contents of metabolites in the tissues of six cassava cultivars.
Data S2. Contents of all metabolites in each tissue of greenhouse
and field-grown cassava plants.

© 2020 The Authors
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), 102, 1202–1219

Cassava metabolism and root yield 1217
Data S3. Correlation analysis of metabolite contents and yield
parameters.
Data S4. Genotypic variation in contents of all metabolites in
source leaf, sink leaf, stem, and storage root of cassava plants.
Data S5. Enzyme activities in the tissues of six cassava cultivars.
Figure S1. Contents of metabolites which contributed the most in
the separation of tissues in the principal component analysis
shown in the Figure 2 in each tissue of greenhouse and fieldgrown cassava plants.
Figure S2. Contents of the minor amino acids and their derivatives
(which accumulated less than 1 mg g-1 in any tissues) in each tissue of greenhouse and field-grown cassava plants.
Figure S3. Contents of the minor amino acids and their derivatives
(which accumulated less than 1 mg g-1 in any tissues) which
showed tissue-specific accumulation only in the field-grown samples in each tissue of greenhouse and field-grown cassava plants.
Figure S4. Contents of the organic acids and sugar phosphates,
which showed tissue-specific accumulation in each tissue of
greenhouse-grown and field-grown cassava plants.
Figure S5. Genotypic variation of sucrose and starch contents in
each tissue of cassava plants.
Figure S6. Genotypic variation of enzyme activities in the field in
Nigeria in 2015 and 2016, and in the greenhouse in Erlangen, Germany.
Figure S7. Recovery rates of organic acids and phosphorylated
intermediates in cassava storage root, stem, fibrous root and
source leaf tissue.
Figure S8. Effects of freeze drying in the detection of individual
metabolites in all cassava organs for metabolic profiling.
Figure S9. Evaluation of matrix effects on the detection of individual metabolites in all cassava organs.
Figure S10. Evaluation of matrix effects on the detection of individual metabolites in all cassava organs.
Table S1. List of cassava genotypes used in this study and their
characteristics.
Table S2. List of enzymes, abbreviations and their assignment to
pathways.
Table S3. Optimization of enzyme activity assays.
Table S4. Recovery of enzyme activities after lyophilization.
Table S5. Comparison of RuBisCO and PEP carboxylase activities
in mature maize leaves, Arabidopsis standard material and greenhouse-grown cassava.
Table S6. Comparison of the starch synthesis enzyme AGPase and
the glycolytic enzyme, PFK and PK activities in storage roots and
stems of field-grown and greenhouse-grown cassava cultivars.
Table S7. Results of composition analysis for substrate used in
the greenhouse, Germany and soil in experimental plots in the
field in Nigeria.
Table S8. Overview of experimental details, conditions and analysis. Abbreviation: GH, greenhouse.

OPEN RESEARCH BADGES
This article has earned an Open Data Badge for making publicly
available the digitally shareable data necessary to reproduce the
reported results. The data is available at ftp://cassavabase.org/
CASS/CASS_6Genotypes_Metabolites.csv.
This article has earned an Open Materials Badge for making
publicly available the components of the research methodology
needed to reproduce the reported procedure and analysis.

DATA AVAILABILITY STATEMENT
All relevant data can be found within the manuscript and
its supporting information.
REFERENCES
Angelov, M.N., Sun, J., Byrd, G.T., Brown, R.H. and Black, C.C. (1993)
Novel characteristics of cassava, Manihot esculenta Crantz, a reputed
C3-C4 intermediate photosynthesis species. Photosynth. Res. 38, 61–
72.
Armengaud, P., Sulpice, R., Miller, A.J., Stitt, M., Amtmann, A. and Gibon,
Y. (2009) Multilevel analysis of primary metabolism provides new
insights into the role of potassium nutrition for glycolysis and nitrogen
assimilation in Arabidopsis roots. Plant Physiol. 150, 772–785.
Arrivault, S., Obata, T., Szecowka, M., Mengin, V., Guenther, M., Hoehne,
M., Fernie, A.R. and Stitt, M. (2017) Metabolite pools and carbon flow
during C4 photosynthesis in maize: 13CO2 labeling kinetics and cell type
fractionation. J. Exp. Bot. 68, 283–298.
Arrivault, S., Moraes, T.A., Obata, T. et al. (2019) Metabolite profiles reveal
inter-specific variation in operation of the calvin-benson cycle in both C4
and C3 plants. J. Exp. Bot. 70(6), 1843–1858. https://doi.org/10.1093/jxb/
erz051
Benard, C., Bernillon, S., Biais, B. et al. (2015) Metabolomic profiling in
tomato reveals diel compositional changes in fruit affected by sourcesink relationships. J. Exp. Bot. 66, 3391–3404.
Bradford, M.M. (1976) Rapid and sensitive method for quantitation of microgram quantities of protein utilizing principle of protein-dye binding. Anal.
Biochem. 72, 248–254.
Bull, S.E., Seung, D., Chanez, C. et al. (2018) Accelerated ex situ breeding of
GBSS- and PTST1-edited cassava for modified starch. Sci. Adv. 4,
eaat6086.
Burnett, A.C., Rogers, A., Rees, M. and Osborne, C.P. (2016) Carbon sourcesink limitations differ between two species with contrasting growth
strategies. Plant Cell Environ. 39, 2460–2472.
Byju, G. and Anand, M.H. (2009) Differential response of short- and long-duration cassava cultivars to applied mineral nitrogen. J. Plant Nutr. Soil
Sci. 172, 572–576.
Calatayud, P.A., Baron, C.H., Velasquez, H., Arroyave, J.A. and Lamaze, T.
(2002) Wild manihot species do not possess C4 photosynthesis. Ann.
Bot. 89, 125–127.
Chetty, C.C., Rossin, C.B., Gruissem, W., Vanderschuren, H. and Rey, M.E.
(2013) Empowering biotechnology in southern Africa: establishment of a
robust transformation platform for the production of transgenic industrypreferred cassava. New Biotechnol. 30, 136–143.
Cock, J.H., Riano, N.M., El-Sharkawy, M.A., Yamel, L.F. and Bastidas, G.
(1987) C3-C 4 intermediate photosynthetic characteristics of cassava
(Manihot esculenta Crantz): II. Initial products of(14)CO2 fixation. Photosynth. Res. 12, 237–241.
Couturier, J., Doidy, J., Guinet, F., Wipf, D., Blaudez, D. and Chalot, M.
(2010) Glutamine, arginine and the amino acid transporter Pt-CAT11 play
important roles during senescence in poplar. Ann. Bot. 105, 1159–1169.
Crozet, P., Margalha, L., Confraria, A., Rodrigues, A., Martinho, C., Adamo,
M., Elias, C.A. and Baena-Gonzalez, E. (2014) Mechanisms of regulation
of SNF1/AMPK/SnRK1 protein kinases. Front. Plant Sci. 5, 190.
De Souza, A.P. and Long, S.P. (2018) Toward improving photosynthesis in
cassava: characterizing photosynthetic limitations in four current African
cultivars. Food Energy Secur. 7, e00130.
De Souza, A.P., Massenburg, L.N., Jaiswal, D., Cheng, S., Shekar, R. and
Long, S.P. (2017) Rooting for cassava: insights into photosynthesis and
associated physiology as a route to improve yield potential. New Phytol.
213, 50–65.
De Souza, A.P., Wang, Y., Orr, D.J., Carmo-Silva, E. and Long, S.P. (2019)
Photosynthesis across African cassava germplasm is limited by
Rubisco and mesophyll conductance at steady state, but by stomatal
conductance in fluctuating light. New Phytol, https://doi.org/10.1111/
nph.16142.
Debast, S., Nunes-Nesi, A., Hajirezaei, M.R., Hofmann, J., Sonnewald, U.,
Fernie, A.R. and Bornke, F. (2011) Altering trehalose-6-phosphate content
in transgenic potato tubers affects tuber growth and alters responsiveness to hormones during sprouting. Plant Physiol. 156, 1754–1771.

© 2020 The Authors
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), 102, 1202–1219

1218 Toshihiro Obata et al.
van Dongen, J.T., Schurr, U., Pfister, M. and Geigenberger, P. (2003)
Phloem metabolism and function have to cope with low internal oxygen.
Plant Physiol. 131, 1529–1543.
El-Sharkawy, M.A. (2004) Cassava biology and physiology. Plant Mol. Biol.
56, 481–501.
El-Sharkawy, M. (2012) Stress-tolerant cassava: the role of integrative ecophysiology-breeding research in crop improvement. Open J. Soil Sci. 02,
162–186.
El-Sharkawy, M.A. and Cock, J.H. (1987) C3-C4 intermediate photosynthetic
characteristics of cassava (Manihot esculenta Crantz): I. Gas exchange.
Photosynth. Res. 12, 219–235.
El-Sharkawy, M.A. and De Tafur, S.M. (2010) Comparative photosynthesis,
growth, productivity, and nutrient use efficiency among tall-and shortstemmed rain-fed cassava cultivars. Photosynthetica, 48, 173–188.
Evers, D., Lefevre, I., Legay, S., Lamoureux, D., Hausman, J.F., Rosales,
R.O., Marca, L.R., Hoffmann, L., Bonierbale, M. and Schafleitner, R.
(2010) Identification of drought-responsive compounds in potato through
a combined transcriptomic and targeted metabolite approach. J. Exp.
Bot. 61, 2327–2343.
Fermont, A.M., van Asten, P.J.A., Tittonell, P.A., van Wijk, M.T. and Giller,
K.E. (2009) Closing the cassava yield gap: an analysis from small-holder
farms in East Africa. Field Crops Res. 112, 24–36.
Fernie, A.R., Tauberger, E., Lytovchenko, A., Roessner, U., Willmitzer, L.
and Trethewey, R.N. (2002) Antisense repression of cytosolic phosphoglucomutase in potato (Solanum tuberosum) results in severe growth
retardation, reduction in tuber number and altered carbon metabolism.
Planta, 214, 510–520.
Figueroa, C.M. and Lunn, J.E. (2016) A tale of two sugars: trehalose 6-phosphate and sucrose. Plant Physiol. 172, 7–27.
Fudge, J., Mangel, N., Gruissem, W., Vanderschuren, H. and Fitzpatrick,
T.B. (2017) Rationalising vitamin B6 biofortification in crop plants. Curr.
Opin. Biotechnol. 44, 130–137.
Gajdanowicz, P., Michard, E., Sandmann, M. et al. (2011) Potassium (K+)
gradients serve as a mobile energy source in plant vascular tissues. Proc.
Natl Acad. Sci. USA, 108, 864–869.
Geigenberger, P., Stitt, M. and Fernie, A.R. (2004) Metabolic control analysis
and regulation of the conversion of sucrose to starch in growing potato
tubers. Plant, Cell Environ. 27, 655–673.
Giaquinta, R. (1980) Mechanism and control of phloem loading of sucrose.
Ber. Deut. Bot. Ges. 93, 187–201.
Gibon, Y., Blaesing, O.E., Hannemann, J., Carillo, P., Hohne, M., Hendriks,
J.H., Palacios, N., Cross, J., Selbig, J. and Stitt, M. (2004) A Robot-based
platform to measure multiple enzyme activities in Arabidopsis using a
set of cycling assays: comparison of changes of enzyme activities and
transcript levels during diurnal cycles and in prolonged darkness. Plant
Cell, 16, 3304–3325.
Gleadow, R.M. and Moller, B.L. (2014) Cyanogenic glycosides: synthesis,
physiology, and phenotypic plasticity. Annu. Rev. Plant Biol. 65, 155–185.
Henkes, S., Sonnewald, U., Badur, R., Flachmann, R. and Stitt, M. (2001) A
small decrease of plastid transketolase activity in antisense tobacco
transformants has dramatic effects on photosynthesis and phenylpropanoid metabolism. Plant Cell, 13, 535–551.
Horst, R.J., Doehlemann, G., Wahl, R., Hofmann, J., Schmiedl, A., Kahmann,
R., Kamper, J., Sonnewald, U. and Voll, L.M. (2010a) Ustilago maydis
infection strongly alters organic nitrogen allocation in maize and stimulates productivity of systemic source leaves. Plant Physiol. 152, 293–308.
Horst, R.J., Doehlemann, G., Wahl, R., Hofmann, J., Schmiedl, A., Kahmann,
R., Ka€mper, J., Sonnewald, U. and Voll, L.M. (2010b) Ustilago maydis
infection strongly alters organic nitrogen allocation in maize and stimulates productivity of systemic source leaves. Plant Physiol. 152, 293–308.
Howeler, R., Lutaladio, N. and Thomas, G. (2013) Save and Grow: Cassava.
A Guide to Sustainable Production Intensification. Rome, Italy: Food and
Agriculture Organization of the United Nations.
Ihemere, U., Arias-Garzon, D., Lawrence, S. and Sayre, R. (2006) Genetic
modification of cassava for enhanced starch production. Plant Biotechnol. J. 4, 453–465.
Jonik, C., Sonnewald, U., Hajirezaei, M.R., Flugge, U.I. and Ludewig, F.
(2012) Simultaneous boosting of source and sink capacities doubles
tuber starch yield of potato plants. Plant Biotechnol. J. 10, 1088–1098.
Jorgensen, K., Bak, S., Busk, P.K., Sorensen, C., Olsen, C.E., Puonti-Kaerlas,
J. and Moller, B.L. (2005) Cassava plants with a depleted cyanogenic

glucoside content in leaves and tubers. Distribution of cyanogenic glucosides, their site of synthesis and transport, and blockage of the biosynthesis by RNA interference technology. Plant Physiol. 139, 363–374.
Jung, B., Ludewig, F., Schulz, A. et al. (2015) Identification of the transporter
responsible for sucrose accumulation in sugar beet taproots. Nat. Plants,
1, 14001.
Klaumann, S., Nickolaus, S.D., Furst, S.H., Starck, S., Schneider, S., Neuhaus, H.E. and Trentmann, O. (2011) The tonoplast copper transporter
COPT5 acts as an exporter and is required for interorgan allocation of
copper in Arabidopsis thaliana. New Phytol. 192, 393–404.
Kopka, J., Schauer, N., Krueger, S. et al. (2005) GMD@CSB.DB: the Golm
metabolome database. Bioinformatics, 21, 1635–1638.
Latif, S. and Muller, J. (2015) Potential of cassava leaves in human nutrition:
a review. Trends Food Sci. Technol. 44, 147–158.
Leyva, R., Constan-Aguilar, C., Blasco, B., Sanchez-Rodriguez, E., Romero,
L., Soriano, T. and Ruiz, J.M. (2014) Effects of climatic control on tomato
yield and nutritional quality in Mediterranean screenhouse. J. Sci. Food
Agric. 94, 63–70.
Li, K.T., Moulin, M., Mangel, N., Albersen, M., Verhoeven-Duif, N.M., Ma,
Q., Zhang, P., Fitzpatrick, T.B., Gruissem, W. and Vanderschuren, H.
(2015) Increased bioavailable vitamin B6 in field-grown transgenic cassava for dietary sufficiency. Nat. Biotechnol. 33, 1029–1032.
Lisec, J., Schauer, N., Kopka, J., Willmitzer, L. and Fernie, A.R. (2006) Gas
chromatography mass spectrometry-based metabolite profiling in plants.
Nat. Protoc. 1, 387–396.
Luedemann, A., Strassburg, K., Erban, A. and Kopka, J. (2008) TagFinder for
the quantitative analysis of gas chromatography - mass spectrometry
(GC-MS)-based metabolite profiling experiments. Bioinformatics, 24,
732–737.
Lukuyu, B., Okike, I., Duncan, A., Beveridge, M. and Blummel, M. (2014) Use
of Cassava in Livestock and Aquaculture Feeding Programs. ILRI Discussion Paper. Nairobi, Kenya: International Livestock Research Institute.
Lunn, J.E., Delorge, I., Figueroa, C.M., Van Dijck, P. and Stitt, M. (2014) Trehalose metabolism in plants. Plant J. 79, 544–567.
Mengel, K. and Haeder, H.E. (1977) Effect of potassium supply on the rate of
phloem sap exudation and the composition of phloem sap of Ricinus
communis. Plant Physiol. 59, 282–284.
Minchin, P.E.H. and Thorpe, M.R. (1987) Measurement of unloading and
reloading of photoassimilate within the stem of bean. J. Exp. Bot. 38,
211–220.
Nartey, F. (1969) Studies on cassava, Manihot utilissima. II. Biosynthesis of
asparagine-14C from 14C-labelled hydrogen cyanide and its relations
with cyanogenesis. Physiol. Plant. 22, 1085–1096.
€ per-Schwarz, U. and Stitt, M. (1998) The sugarNielsen, T.H., Krapp, A., Ro
mediated regulation of genes encoding the small subunit of Rubisco and
the regulatory subunit of ADP glucose pyrophosphorylase is modified by
phosphate and nitrogen. Plant, Cell Environ. 21, 443–454.
Nordin, A. and Nasholm, T. (1997) Nitrogen storage forms in nine boreal
understorey plant species. Oecologia, 110, 487–492.
Pellet, D. and El-Sharkawy, M.A. (1993) Cassava varietal response to phosphorus fertilization. I. Yield, biomass and gas exchange. Field Crop Res.
35, 1–11.
Picmanova, M., Neilson, E.H., Motawia, M.S. et al. (2015) A recycling pathway for cyanogenic glycosides evidenced by the comparative metabolic
profiling in three cyanogenic plant species. Biochem. J. 469, 375–389.
Prajapati, K. (2012) The importance of potassium in plant growth – a review.
Indian J. Plant Sci. 1, 177–186.
Roessner, U., Wagner, C., Kopka, J., Trethewey, R.N. and Willmitzer, L.
(2000) Technical advance: simultaneous analysis of metabolites in potato
tuber by gas chromatography-mass spectrometry. Plant J. 23, 131–142.
Roessner-Tunali, U. (2003) Metabolic profiling of transgenic tomato plants
overexpressing hexokinase reveals that the influence of hexose phosphorylation diminishes during fruit development. Plant Physiol. 133, 84–
99.
Rosenthal, D.M., Slattery, R.A., Miller, R.E., Grennan, A.K., Cavagnaro, T.R.,
Fauquet, C.M., Gleadow, R.M. and Ort, D.R. (2012) Cassava about-FACE:
greater than expected yield stimulation of cassava (Manihot esculenta)
by future CO2 levels. Glob. Change Biol. 18, 2661–2675.
Sayre, R., Beeching, J.R., Cahoon, E.B. et al. (2011) The BioCassava plus
program: biofortification of cassava for sub-Saharan Africa. Annu. Rev.
Plant Biol. 62, 251–272.

© 2020 The Authors
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), 102, 1202–1219

Cassava metabolism and root yield 1219
Schauer, N., Zamir, D. and Fernie, A.R. (2005) Metabolic profiling of leaves
and fruit of wild species tomato: a survey of the Solanum lycopersicum
complex. J. Exp. Bot. 56, 297–307.
Scheible, W.R., Gonzalez-Fontes, A., Lauerer, M., Muller-Rober, B., Caboche,
M. and Stitt, M. (1997) Nitrate acts as a signal to induce organic acid
metabolism and repress starch metabolism in tobacco. Plant Cell, 9, 783–
798.
Siritunga, D. and Sayre, R. (2004) Engineering cyanogen synthesis and turnover in cassava (Manihot esculenta). Plant Mol. Biol. 56, 661–669.
Smidansky, E.D., Meyer, F.D., Blakeslee, B., Weglarz, T.E., Greene, T.W. and
Giroux, M.J. (2007) Expression of a modified ADP-glucose pyrophosphorylase large subunit in wheat seeds stimulates photosynthesis and carbon metabolism. Planta, 225, 965–976.
Sonnewald, U. and Fernie, A.R. (2018) Next-generation strategies for understanding and influencing source-sink relations in crop plants. Curr. Opin.
Plant Biol. 43, 63–70.
Steinhauser, M.C., Steinhauser, D., Koehl, K., Carrari, F., Gibon, Y., Fernie,
A.R. and Stitt, M. (2010) Enzyme activity profiles during fruit development
in tomato cultivars and Solanum pennellii. Plant Physiol. 153, 80–98.
Stitt, M., Muller, C., Matt, P., Gibon, Y., Carillo, P., Morcuende, R., Scheible,
W.R. and Krapp, A. (2002) Steps towards an integrated view of nitrogen
metabolism. J. Exp. Bot. 53, 959–970.
Stitt, M., Lunn, J. and Usadel, B. (2010) Arabidopsis and primary photosynthetic metabolism - more than the icing on the cake. Plant J. 61, 1067–
1091.
Sulpice, R., Tschoep, H., Von Korff, M., Buessis, D., Usadel, B., Hoehne, M.,
Witucka-Wall, H., Altmann, T., Stitt, M. and Gibon, Y. (2007) Description
and applications of a rapid and sensitive non-radioactive microplatebased assay for maximum and initial activity of D-ribulose-1,5-bisphosphate carboxylase/oxygenase. Plant, Cell Environ. 30, 1163–1175.
Sweetlove, L.J., Kossmann, J., Riesmeier, J.W., Trethewey, R.N. and Hill,
S.A. (1998) The control of source to sink carbon flux during tuber development in potato. Plant J. 15, 697–706.
Sweetlove, L.J., Nielsen, J. and Fernie, A.R. (2017) Engineering central
metabolism - a grand challenge for plant biologists. Plant J. 90, 749–763.

Szecowka, M., Heise, R., Tohge, T. et al. (2013) Metabolic fluxes in an illuminated Arabidopsis rosette. Plant Cell, 25, 694–714.
Tamoi, M., Nagaoka, M., Miyagawa, Y. and Shigeoka, S. (2006) Contribution
of fructose-1,6-bisphosphatase and sedoheptulose-1,7-bisphosphatase to
the photosynthetic rate and carbon flow in the Calvin cycle in transgenic
plants. Plant Cell Physiol. 47, 380–390.
Tiessen, A., Hendriks, J.H., Stitt, M., Branscheid, A., Gibon, Y., Farre, E.M.
and Geigenberger, P. (2002) Starch synthesis in potato tubers is regulated by post-translational redox modification of ADP-glucose pyrophosphorylase: a novel regulatory mechanism linking starch synthesis to the
sucrose supply. Plant Cell, 14, 2191–2213.
Tohge, T. and Fernie, A.R. (2017) Leveraging natural variance towards
enhanced understanding of phytochemical sunscreens. Trends Plant
Sci., 22, 308–315.
Trankner, M., Tavakol, E. and Jakli, B. (2018) Functioning of potassium and
magnesium in photosynthesis, photosynthate translocation and photoprotection. Physiol. Plant. 163(3), 414–431. https://doi.org/10.1111/ppl.
12747.
Wang, L., Czedik-Eysenberg, A., Mertz, R.A. et al. (2014) Comparative analyses of C(4) and C(3) photosynthesis in developing leaves of maize and
rice. Nat. Biotechnol. 32, 1158–1165.
White, A.C., Rogers, A., Rees, M. and Osborne, C.P. (2016) How can we
make plants grow faster? A source-sink perspective on growth rate. J.
Exp. Bot. 67, 31–45.
Zeeman, S.C., Kossmann, J. and Smith, A.M. (2010) Starch: its metabolism,
evolution, and biotechnological modification in plants. Annu. Rev. Plant
Biol. 61, 209–234.
Zhai, Z., Keereetaweep, J., Liu, H., Feil, R., Lunn, J.E. and Shanklin, J. (2018)
Trehalose 6-phosphate positively regulates fatty acid synthesis by stabilizing WRINKLED1. Plant Cell, 30, 2616–2627.
Zhang, Y., Primavesi, L.F., Jhurreea, D., Andralojc, P.J., Mitchell, R.A., Powers, S.J., Schluepmann, H., Delatte, T., Wingler, A. and Paul, M.J. (2009)
Inhibition of SNF1-related protein kinase1 activity and regulation of
metabolic pathways by trehalose-6-phosphate. Plant Physiol. 149, 1860–
1871.

© 2020 The Authors
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), 102, 1202–1219

